The Cryosphere Discuss., 7, 4545-4584, 2013 9
www.the-cryosphere-discuss.net/7/4545/2013/ The Cryosphere i
doi:10.5194/tcd-7-4545-2013 Discussions 3
© Author(s) 2013. CC Attribution 3.0 License. A

This discussion paper is/has been under review for the journal The Cryosphere (TC).
Please refer to the corresponding final paper in TC if available.

Distribution and recent variations of
supraglacial lakes on dendritic-type
glaciers in the Khan Tengri-Tomur
Mountains, Central Asia

Q. Liu’, C. Mayer?, and S. Liu®

'Key Laboratory of Mountain Surface Processes and Ecological Regulation, Institute of
Mountain Hazards and Environment, Chinese Academy of Sciences, Chengdu, China
2Commission for Geodesy and Glaciology, Bavarian Academy of Sciences and Humanities,
Munich, Germany

3Stake Key Laboratory of Cryospheric Sciences, Cold and Arid Regions Environmental and
Engineering Research Institute, Chinese Academy of Sciences, Lanzhou, China

Received: 31 August 2013 — Accepted: 2 September 2013 — Published: 9 September 2013
Correspondence to: Q. Liu (liugiao@imde.ac.cn)

Published by Copernicus Publications on behalf of the European Geosciences Union.

4545

Jaded uoissnoasiqg

| Jaded uoissnosiq

Jaded uoissnasiq

Jaded uoissnosiq

o
2

TCD
7, 4545-4584, 2013

Distribution and
recent variations of
supraglacial lakes

Q. Liu et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/4545/2013/tcd-7-4545-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/4545/2013/tcd-7-4545-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

Supraglacial lakes are widely distributed on glaciers in the Tomur-Khan Tengri Tian-
shan Mountains, Central Asia. The existence and development of supraglacial lakes
play an important role in the ice melting processes and also in the storage and re-
lease of glacial melt water. Here we mapped the supraglacial lakes of eight typical
debris-covered dendritic-type glaciers around the Tomur-Khan Tengri peaks based on
9 Landsat TM/ETM+ images acquired in the summers of 1990 until 2011. With a
lower area limit of 3600 m? for a conservative identification of glacial lakes, we mapped
775 supraglacial lakes and 38 marginal glacial lakes in total. Our results indicate that
supraglacial lakes (area > 3600 m2) in the study region never develop beyond an ele-
vation of about 3850 ma.s.l., 800 m lower than the maximum upper boundary of de-
bris cover (4650 m a.s.l.). The area-elevation distribution shows that lakes are predomi-
nantly occured close to the altitude of 3250 m a.s.l., where the clean ice simultaneously
disappears. The majority of the supraglacial lakes are found on the Tomur Glacier and
the South Inylchek Glacier, two strongly debris-covered dendritic-type glaciers in the
region. As for the multi-year variation of lake area, the summer total and mean areas of
supraglacial lakes show some variability from 1990 and 2005 but increased noticeably
between 2005 and 2011. The mean area of the mapped lakes reached a maximum
in 2010. We found that the area of supraglacial lakes is positively correlated to the to-
tal precipitation in summer (July to September) but negatively correlated to the mean
spring air temperature (April to June). Pre-summer air temperature fluctuations likely
have a stronger impact on the different evolution processes of glacial drainage, evolv-
ing from unconnected to connected systems, which may lead to the drainage of larger
supraglacial lakes and results in shrinkage of the total and mean lake area during the
summer.
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1 Introduction

Glaciers act as natural water reservoirs because they store water as snow and ice in
cold seasons and gradually release it by melting during the warm seasons. Variations
of glacial runoff are primarily forced by the meteorological conditions, which alter the
ice melt rate by changing the energy balance. Shorter time scales (diurnal or seasonal)
changes of glacial runoff display periodic fluctuations and show more remarkable vari-
ations (Jansson et al., 2003) than that of longer time scales (interannual or decadal).
Seasonal and diurnal glacial runoff reflects variations in atmospheric air temperatures
and therefore the pattern of ablation on a glacier (Hock, 2005). In some cases this pat-
tern of diurnal and seasonal discharge fluctuation is interrupted by catastrophic release
events, such as glacial lake outburst floods (GLOFs) (Richardson and Reynolds, 2000)
and subglacial floods (Jokulhlaups) (Roberts, 2005), etc. Such uncertainty of glacial
melt water release results from the fact that glaciers act as “porous-medium” by storing
liquid water and releasing it abruptly and stochastically through a changeable englacial
and subglacial drainage system (Campbell and Rasmussen, 1973). Liquid water, sup-
plied by melt or rainfall, can be stored in different kinds of water-accumulating features
in a glacier, such as supraglacial lakes (ponds) and streams, crevasses, moulins, sub-
glacial cavities (channels) and lakes, and different kinds of ice or moraine dammed
lakes, etc (Fountain and Walder, 1998; Cuffey and Paterson, 2010). Much effort has
been invested to study the evolution of glacier drainage systems using several meth-
ods, such as dye tracing experiments (Nienow et al., 1996; Schuler et al., 2004; Chan-
dler et al., 2013), analyzing the chemical character of glacial melt water and runoff
processes (Anderson et al., 2003), ground penetrating radar investigations (Kulessa
et al., 2008), borehole observations (Fudge et al., 2008), etc. However, the location,
amounts and release mechanisms of the stored water usually remains elusive due to
its temporal and spatial variability (Fountain and Walder, 1998).

Among all components of a glacier drainage system, supraglacial ponds and lakes
are the easiest to be detected. Although direct measurements of supraglacial ponds
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and lakes (Benn et al., 2000) are still limited, remote sensing observations have con-
tributed to detect, measure and monitor their spatial and temporal changes in recent
years (Wessels et al., 2002; Box and Ski, 2007; Gardelle et al., 2011; Salerno et al.,
2012). Supraglacial lakes are commonly found in the lower ablation region of some
debris-covered valley glaciers, where glacier ice stagnates (Reynolds, 2000; Benn et
al.,, 2012). They are also formed, predominantly, in topographic lows and compres-
sive flow regimes in the ablation zone of the Greenland Ice Sheet (Box and Ski, 2007;
Bartholomew et al., 2011; Banwell et al., 2012). In the central Himalaya, their exis-
tence is found to enhance the ice ablation rate by ice margin calving processes around
ponds and lakes (Sakai et al., 1998; Sakai et al., 2000; Benn et al., 2012). In partic-
ular, their total water volume and their water contribution to the overall water balance
in a glacierised basin has never been evaluated, although this type of water storage
could contain a significant amount of seasonally produced melt water (Fountain and
Walder, 1998; Irvine-Fynn et al., 2011). Furthermore, their periodic (or seasonal) filling
and drainage could impact the hydrological process of glacial runoff, and potentially
influence glacier dynamics by enhancing subglacial lubrication and thus glacier sliding
(Bingham et al., 2006; Das et al., 2008).

Supraglacial lakes are highly variable in space and time. Their lifetime is unpre-
dictable and in situ monitoring is very limited (Benn et al., 2001). Most supraglacial
lakes will be temporarily formed on the glacier surface when water accumulates in
topographic lows, whereas the drainage can occur on any occasions. Many studies
have highlighted the temporal evolution of glacial lakes in the central Himalaya and
indicated that most of the current big moraine-dammed or ice-dammed lakes are the
consequences of coalesce and growth of supraglacial lakes (Sakai et al., 2000; Komori,
2008; Fuijita et al., 2009; Benn et al., 2012; Thompson et al., 2012). These glacial lakes
pose a potential for GLOFs and destruction of property and loss of human life in the
area downstream (Reynolds, 2000; Richardson and Reynolds, 2000; Bajracharya et
al., 2007; Jain et al., 2012). Therefore, investigating the conditions of the supraglacial
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lakes (ponds) formation and distribution will be a significant contribution to tracing their
dynamics and the prediction of their future development (Bolch et al., 2008).

In the central Tianshan region, supraglacial lakes are common on many debris-
covered glaciers (Wang et al.,, 2011). The physical conditions of glaciers in the in-
ner Tianshan region enable the formation of different types of glacial lakes. Moraine-
dammed, ice-dammed, and supraglacial lakes are widely distributed on and adjacent
to the glaciers. One of the largest moraine-dammed lakes is the Petrov Lake in the
Ak-Shiirak massif, as reported by Jansky et al. (2009, 2010), which has experienced
a dramatic increase in size during recent years. The probably most well-known ice-
dammed lake, Lake Merzbacher, dammed by the South Inylchek Glacier, is famous for
its regular outbursts at least once every summer that has lead to remarkable floods in
the downstream valley (Mayer et al., 2008; Ng and Liu, 2009; Glazirin, 2010). However,
the supraglacial lakes in this region were seldom considered in scientific investigations,
even though they are widely distributed in the ablation zone (Han et al., 2010). Recently,
several field observations were carried out to monitor some typical supraglacial lakes
on the Koxkar Glacier (Wang et al., 2011). Here we investigated the supraglacial lakes
on the large debris-covered glaciers of the Khan Tengri-Tomur Mountains in Central
Asia based on mapping multi-year Landsat image series. The study focuses on the
spatial distribution and temporal variations of these lakes from 1990 to 2011. A dis-
cussion will be emphasized about the formation conditions and consequences of the
dynamics of these lakes.

2 Study area

The Tomur (Pobeda) Peak, 7439 m above sea level (a.s.l.), and the Khan Tengri
Peak, 6995 ma.s.l., are the highest peaks of the Tianshan Mountains, located at the
Kyrgyzstan-China border, southeast of Lake Issyk-Kul (Fig. 1). There are more than 40
peaks exceeding 6000 ma.s.l. in the Khan Tengri-Tomur Knot, which forms the largest
glacierized complex in the Tianshan (Shi, 2008). A striking glaciological feature of this
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region is the existence of many large dendritic valley glaciers with thick debris covers.
These glaciers are often classified as Tomur-type glaciers by Chinese glaciologists
(Wang et al., 1980). The number of glaciers in this region adds up to 1375 (509 in
China) with a total area of 4093 km? (Shi, 2008). Meltwater from these glaciers forms
the major source for rivers in the internal drainage basins in Central Asia. Tarim river
and Balkhash basin are the notable inland basins in which 45-50 % of the surface
runoff is from glacial runoff (Aizen et al., 1997).

In the Khan Tengri-Tomur Mountains (KTTM), there are 7 glaciers larger than
100 kmZ. An impressive characteristic of these glaciers is the extensive supraglacial de-
bris mantle in their ablation zone (Han et al., 2006; Hagg et al., 2008). High amounts of
solid precipitation in the firn basins and intensive melting in the ablation areas demon-
strate that these glaciers have a high level of mass turnover (Aizen et al., 1997). High
surface velocities at in the upper branches indicate a strong erosive and transport ca-
pacity (Mayer et al., 2008). Rock falls together with avalanches are probably the main
the source of the supraglacial debris that is transported downwards by ice flow and
finally forms the medial or lateral moraine belts on the surface of the ablation area of
the glaciers (Aizen et al., 1997).

The KTTM region is located within the zone of the subtropical west jet stream in
June to August, resulting in a summer precipitation maximum and cold and dry winters
in this region. Data from the Tienshan station, to the West of this region, and KUQA
weather station, on the eastern side (Fig. 1), show that 83 % (Tianshan station) to 79 %
(KUQA station) of the annual precipitation falls in the months of April to September
(Fig. 2). Precipitation at high altitude is significantly increased by orographic effects.
Annual mean precipitation recorded at the Tianshan Station, 265 mm at 3639 ma.s.|.,
is about three to four fold higher than that recorded at the Kuga Station, 74 mm at the
1100 ma.s.l. According to an ice core stratigraphic analysis from Inylchek Glacier in
1989, Aizen et al. (1997) reported an annual mean snow accumulation of 918 mm at
6148 ma.s.l. However, due to the lack of direct measurements of precipitation at eleva-
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tions above 5000 m a.s.l., the validation for precipitation estimations at high elevations
remains challenging.

3 Data and methods

Nine orthorectified Landsat TM or ETM+ images were used in this study to map the
boundary of supraglacial lakes on eight selected glaciers (indicated in Fig. 1). The
Landsat images, spanning the period from 1990 to 2011 with the same footprint, were
selected and downloaded from the Landsat archive of the United State Geological
Survey (USGS) based on the following criteria: (1) the lowermost part of the glaciers
was (almost) cloud free or and not (or only minimal) covered by snow; (2) the image was
acquired during the summer (July to September). The spatial resolution (pan-sharpen
for Landsat ETM+ spectral bands) and acquisition date of these images are listed in
Table 1.

The extent of the glaciers was manually adapted from the latest GLIMS dataset
(Armstrong et al., 2012), based on a Landsat TM image acquired on 24 August
2007. After the glaciers outlines were delineated, clean ice and snow inside the
boundary of glaciers was extracted from the image using a band ratio method,
which applied a threshold algorithm on the Normalized Difference Snow Index
(TM2 - TM5)/(TM2 + TM5). At the same time, the extent of debris-covered area of each
glacier was also determined (Fig. 3).

To efficiently map supraglacial lakes, we first created a mask which includes all
supraglacial lakes or marginal lakes (Figs. 3 and 4a). Outlines of the supraglacial lakes
and marginal lakes were semi-automatically extracted from Landsat image in each year
using the ENVI object-based Feature Extraction Module (IDL, 2008). Its workflow con-
sists of two primary steps: find objects and extract features. By adjusting parameters
for the scale level and merge level, the procedure is interactively performed to observe
whether the lakes boundaries are well delineated or not (Fig. 4b). We used this pro-
cedure to generate polygon shape files, where the combination of segments finally
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occupies the whole masked region (Fig. 4c). These polygons were then overlaid on the
source Landsat image and modified visually by keeping the polygons of lakes only and
merge the connected polygons to one lake (Fig. 4d). For most Landsat images used,
the spatial resolution is about 30 m which requires an area threshold of 3600 m? on the
final mapping results for the analysis of the supraglacial lakes distribution and changes
(Wessels et al., 2002; Gardelle et al., 2011). The uncertainty in the measurement of
the lake area was estimated by assuming an error of £0.5 pixel on the outlines of the
shape (Fujita et al., 2009; Salerno et al., 2012).

In order to exploit the geomorphological characteristics of the glaciers and lakes, we
also applied the Shuttle Radar Topography Mission (SRTM V4) digital elevation model
(DEM) of 90 m horizontal resolution (http://srtm.csi.cgiar.org/) that has been void filled
(Reuter et al., 2007; Jarvis et al., 2008) to demonstrate the hypsography of lakes and
glaciers. Since changes of the glacier surface elevation were not remarkable in this re-
gion between 1999 and 2009 (-0.23 £ 0.19mw.e. a‘1) (Pieczonka et al., 2013), we as-
sume that, for the statistics on area-elevation distributions of glaciers and supraglacial
lakes for each 100 m altitude zone, potential variations of the surface elevation could be
neglected. We also ignored the accompanied uncertainty for the calculation of glacier
surface gradients since the calculated surface gradient is based on the relative values
between DEM pixels (Quincey et al., 2007) .

4 Results
4.1 Glaciers and supraglacial lakes distribution

The 8 selected glaciers, with a total area of 2101.8 km2, account for about 51 % of
the area of all glaciers (about 4093 km2) in the KTTM region. They are spanning from
2689 ma.s.l. to 7053 ma.s.l. Debris cover in the lower part of these glaciers occupies
about 17.2 % of the total glacier area. There exist general morphological features com-
mon to all glaciers. For example, the accumulation areas are always steep while the
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ablation areas are normally gentle when examining the surface slopes along their cen-
tral flow lines (Fig. 3). On average, the slope of the upstream part of the glaciers is
~42.1° and that in the lower part is ~8.9°. Both, the debris cover and the observed
supraglacial lakes are located in the lower downstream part of the glaciers.

Since we observed that the majority of supraglacial lakes were located on the Tomur
Glacier (TG) and the South Inylchek Glacier (SIG), the detailed statistical results of
these two glaciers are presented here. The SIG is the largest glacier in the KTTM
region, 607.13km? in area and 53.7 km in length. Part of its lower branch is calving
into the Merzbacher Lake, an ice dammed lake located between the south and north
Inylchek Glaciers, with a maximum area of about 4km?. 1t is the origin of periodical
outburst floods at least once every summer since the early 1900s (Mayer et al., 2008;
Ng and Liu, 2009; Glazirin, 2010). The Merzbacher Lake will not be included in our
discussion since its size is far out of the range of most supraglacial lakes investigated
in this region and, actually, few Landsat images used here have ever captured the lake
when it is filled. The statistics of all mapped supraglacial lakes (the Lake Merzbacher
excluded) are presented in Table 2.

During 1990-2011, the summer 1990 shows the largest total area of supraglacial
lakes while the summer 2005 shows the minimum. Total area of the supraglacial lakes
on TG and SIG occupied from 43.9 % (in 1990) to 72.6 % (in 2005) of all mapped lakes
in the KTTM region, with a slightly larger percentage in numbers from 50 to 74 %,
respectively. Supraglacial lakes mapped in 1990 and 2005 are presented in Fig. 3, and
their numbers and the total area grouped by individual glacier are listed in Table 2. The
total number of supraglacial lakes plotted in Fig. 3 is 180, with 103 in the summer of
1990 and 77 in 2005.

Figure 5 displays the distribution of the supraglacial lakes area (as the mean value
of all years) with elevation, compared to the area-altitude distribution of clean ice and
debris for all eight glaciers and TG and SIG separately. For these glaciers, most of
the clean ice surface occurs above 4000 ma.s.l. (90.1 %) and reaches its maximum at
about 4750 m a.s.l. On the other hands, most the debris-covered area is distributed be-
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low 4000 ma.s.l. (89.1 %) and reaches its maximum at about 3750 m a.s.l. Supraglacial
lakes can be found at a highest elevation of 3850 ma.s.l., which is about 800 m lower
than the upper boundary of surface debris (4650 ma.s.l.). Supraglacial lakes reach
their maximum total area at about 3250 m a.s.l. below which nearly no clean ice is ob-
served. Therefore, these results indicate that, for the studied glaciers the debris cover
appears in the region closest to the clean ice area maximum, while the supraglacial
lakes appear in the region closest to the debris cover area maximum and the lake area
reaches a maximum coinciding with the disappearance of clean ice.

4.2 Multi-year variations of supraglacial lakes

Few studies have systematically investigated the temporal variations of supraglacial
lakes considering their total area in a mountain region or on a specific glacier (Gardelle
et al.,, 2011; Salerno et al., 2012). Based on the lakes mapping results, the total and
mean area of supraglacial lakes was computed for the TG, the SIG and the whole
KTTM, for the summers 1990-2011 (Fig. 6). The images are all acquired with one and
a half month of late summer, early autumn. Therefore they represent a general late
summer condition of lake evolution. All the statistical data is listed in the Table 3. In gen-
eral, the total area of supraglacial lakes on the TG is larger than the SIG. Over the study
period, there was no general trend detected for either the total area or the mean area.
In some specific years, however, the extent of supraglacial lakes showed more pro-
nounced increases than in some other years. For the whole KTTM region, the total area
of supraglacial lakes varied between 0.628 + 0.063 km? in 2005 and 1.400 + 0.224 km?
in 1990, with a mean value of 0.918 +0.149km?. Total area of supraglacial lakes in
summer of 1990 was more than twofold larger than in 2005. Between 1990 and 2005,
the total area of supraglacial lakes showed large fluctuations. In the more recent years,
between 2005 and 2011, however, the total area of supraglacial lakes experienced an
expanding trend. This trend is also seen on the TG and the SIG, although there existed
several heterogeneous periods of expansion or shrinkage.
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The variation of the annual mean area of supraglacial lakes is presented in Fig. 6b.
Supraglacial lakes on the TG and the SIG generally expanded in this period, although
the mean area shows a large variability. The mean area of all investigated supraglacial
lakes varied between 0.007 +0.001 km? (for the SIG in 2005) and 0.018 + 0.002 km?
(for the TG in 2010). For both the KTTM region and the two glaciers, the averaged multi
years mean area of supraglacial lakes is closed to the same value (0.010 £ 0.002 km2,
for the whole KTTM the value is 0.011 + 0.002 km2, Table 3). The minimum mean area
of supraglacial lakes in the KTTM region also occurred in 2005 (0.008 + 0.001 km2),
while the maximum mean area occurred in 2010 and then in 1990. For the whole
KTTM and the TG, the mean supraglacial lake area showed a transient maximum in
2010 after the gradual increase between 2005 and 2010 and then decreased again
to the mean size of 0.009 + 0.002 km? in 2011. During the 9yr period between 1990
and 2011, a total of 775 supraglacial lakes in the KTTM region were mapped, with an
annual mean number of 86. The annual mean number of supraglacial lakes on the
TG and SIG were 33 (38.4 %) and 23 (26.7 %), respectively. Since the mean lake size
changed only on a moderate scale, the year-to-year fluctuation of the lake numbers is
an important parameter to determine the total area variation. For example the growth
of total area of supraglacial lakes in summer of 2011 displayed in Fig. 6a was governed
by the increase of lake numbers.

For different area classes of supraglacial lakes, the number and total area also show
different year-by-year variations (Fig. 7). The number of smaller supraglacial lakes
(area < 0.01km?) is by far larger than the bigger lakes (area > 0.01 km?). On the aver-
age between 1990 and 2011, the numbers of supraglacial lakes were 60, 17 and 9 for
areas < 0.01 km?, between 0.01 km? and 0.02 km? and > 0.02 km?, respectively. The to-
tal area of supraglacial lakes for the 3 area classes, however, contributed nearly equally
to the overall lakes area of the individual year, with mean values of 0.36 km2, 0.23 km?
and 0.32 km? for the different area classes. Generally, larger supraglacial lakes show
more remarkable variations in area than smaller lakes. It is obvious that the anomalies
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of the total area which occurred in 1990, 2002 and 2005 were predominant due to the
area changes of larger supraglacial lakes (Fig. 7, right panel).

5 Discussions

5.1 Glacio-geomorphological control on the supraglacial lake formation,
expansion and drainage

All mapped supraglacial lakes in the KTTM region are detected in the lower flat down-
stream part of the investigated glaciers. Their locations and sizes show remarkable
fluctuations year by year. This flatter part of the glaciers (with a mean slope of 8.9%) is
also the region where extensive debris-cover exists in (Figs. 3 and 8). The formation
and existence of supraglacial lakes is strongly related to the local surface slope (Sakai
and Fujita, 2010). According to Reynolds (2000), at a surface gradient less than 10°
supraglacial lakes can form and potentially exist for some duration. The formation of
larger supraglacial lakes can occur where surface gradients range between 0-2°. In
Fig. 9, we plotted all mapped 775 supraglacial lakes and 38 marginal lakes, classi-
fied into the 3 categories of lake size (< 0.01 km2, 0.01-0.02km? and > 0.02 km2), on
the surface gradient map of the eight investigated glaciers. Following the classification
by Reynolds (2000) and Bolch et al. (2008), glacier surface slope was divided into 5
classes based on the SRTM DEM. As mentioned by Bolch et al. (2008), lake areas in
the elevation model also contain short steep slopes of ice cliffs around the supraglacial
lakes or ponds. Therefore, to reduce the noise induced by ice cliffs, the slope relating
to a supraglacial lake was calculated from the value of adjacent DEM cells nearby the
center of the lake using bilinear interpolation. Figure 10 shows the calculated surface
slopes plotted against the lakes area. It is obvious that most large lakes (71 of 86 lakes
with area > 0.02 km2) are located in the region with surface gradients less than 10°. In
the same way, for the 689 supraglacial lakes with an area less than 0.02 km?, 608 of
them are located in the region with surface gradient less then 10°.
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Further statistics based on the slope classification for the total lake area (normalized
to the annual mean value for the 9 yr) and numbers of supraglacial lakes are presented
in the right two panels of Fig. 10. As it's expected, both the total area and the numbers
of supraglacial lakes show a decrease with increasing surface slope. The annual mean
total area of supraglacial lakes located in regions of less than 10° surface gradient
accounts for 85.7 % of the total. The statistic based on the classification suggested
by Reynolds (2000), however, indicates that large portion of lake area in the KTTM is
distributed in the regions with surface gradient between 2 and 6° but not the value less
than 2° suggested by Reynolds (2000). This similar fact could also be detected in the
Figure 5 in Bolch et al. (2008). These could be explained by the frequency distribution
of surface slope of the entire debris-covered area (Fig. 10d). Since the area of surface
gradient between 2° and 6° accounts for the majority portion (42.8%) in the lower
ablation zone of these glaciers and it is also very favorable for the development of
supraglacial lakes, lake area reaching its maximum in these regions is naturally.

Once a supraglacial lake forms, it will grow rapidly due to several coupled physical
mechanisms leading to enhanced ice melt around and on the subaqueous interface of
the lake (Benn et al., 2000; Reynolds, 2000; Benn et al., 2001). Generally, sources of
lake water include (1) melting of ice around the lake and within the lake itself, (2) melt
water transported through englacial channels or inflow from supraglacial streams and
(3) water directly supplied by rainfall or snow melt. On the debris-covered glaciers in
the KTTM region, the widespread ice cliffs are characterized by higher ablation rate
than its surrounding debris covered ice and even higher than on the flat clean ice
surface (Han et al., 2010; Mayer et al., 2011). In addition to the liquid water directly
supplied by precipitation, melting from ice cliffs around a supraglacial lake contributes
the main accumulated water for the lake formation and growth (Benn et al., 2001). On
the Koxkar Glacier, Han et al. (2010) reported that about 1.13 % (0.22 km2) of the total
debris-covered area was occupied by the ice cliffs and melting from ice cliffs produces
about 7.3% (1.6 x 10° km3) of the total melt runoff from the debris-covered area. As
an ice cliff melts back, surface debris and rocks falling into the water will also raise the
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lake level. Together with the process of water-line melting (Benn et al., 2001), these will
all contribute to the lake growth (Fig. 11).

On the other hand, the growth of a supraglacial lake will be balanced by a combi-
nation of lake water loss via outflow and evaporation. Continuous lateral calving and
melt at the water-line and subsurface down-cutting may lead to abrupt drainage of the
lake, when encountering an ice crevasse or englacial channels (Fountain and Walder,
1998; Irvine-Fynn et al., 2011). Repeated observations of supraglacial lakes on the
Ngozumpa Glacier in the Khumbu Himalaya (Benn et al., 2001) and also on the Koxkar
Glacier during our 2010 expedition (Fig. 12) indicate the existence of connections be-
tween supraglacial lakes and glacial drainage systems before the lake drainage. Some-
times the activation of this connection is due to ice motions, which may open a pathway
for lake water drainage (van der Veen, 2007; Das et al., 2008).

We did not extract the surface velocity of investigated glaciers, although the flow ve-
locity of a glacier is inherently related to its surface slope (Paterson, 1994). Further
investigations are needed for depicting the region-wide spatial distribution pattern of
glacier surface velocity fields, which may play a more direct role in controlling the exis-
tence and lifespan of a supraglacial lake (Bolch et al., 2008; Benn et al., 2012). Surface
flow fields of individual glaciers may help to illustrate the possible reasons for the in-
frequent existence of supraglacial lakes on the surface of some glaciers, such as the
Muzart Glacier (given the similar patterns of debris-cover, surface gradients and rela-
tive lower ice tongue); and analyzing multi-year changes of velocity may also contribute
to the explanation of the supraglacial lake’s year-to-year fluctuations.

Based on the currently available satellite products, it is difficult to detect seasonal
variations of supraglacial lakes in the KTTM region (in colder seasons mapping is
usually influenced by snow cover, lake ice or cloud). For supraglacial lakes on the
Greenland Ice Sheet, due to their relative larger sizes (diameter ranges from a few
hundred meters to >2km) (Box and Ski, 2007), their seasonal variation could be de-
tected by repeat middle-resolution satellite images (McMillan et al., 2007; Sundal et
al., 2009; Johansson et al., 2013). For mountain valley glaciers, however, supraglacial
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lakes are generally too small (also unstable) to be repeatedly observed by middle-
resolution satellites. Therefore, the current study concentrated the multi-year variations
of supraglacial lakes for late summer conditions.

In the KTTM region, no moraine dammed glacial lake was found until present time,
in contrast to the large number detected on debris-covered glaciers in the Himalaya
(Richardson and Reynolds, 2000; Komori, 2008), the southern Alps (Kirkbride and War-
ren, 1999; Warren and Kirkbride, 2003) and the Patagonian Andes (Reynolds, 1992;
Dussaillant et al., 2009). It has been confirmed that most of these reported moraine
dammed lakes are a result of the expanding and merging of supraglacial lakes that pe-
riodically fill up on the surface of extensive debris-covered parts of glaciers (Reynolds,
2000). In the lower part of the dendritic-type glaciers in the KTTM, we have identified
some regions where supraglacial lakes are likely to develop (Fig. 8). These regions are
prone to coalesce and growth of supraglacial lakes, lending the potential for larger lake
development. Actually, from results of the current investigation, most supraglacial lakes
with an area larger than 0.02 km? are also located in the same regions. Regarding wa-
ter storage, flood hazards and also the influence of lakes on the glacier characteristics
and dynamics, these water bodies with larger areas are much more important than the
small ones.

5.2 Relationship between supraglacial lakes variation and climatic conditions
in summer and spring

As previously mentioned, supraglacial lakes are highly variable in space and time. The
size of supraglacial lakes varies with the lake water balance. During winter time, lakes
either disappear (due to the lack of water input), or freeze over. Ignoring the glacial sur-
face topographic changes, the lake evolution will be primarily affected by the climatic
variations. Considering that the state of supraglacial lakes in summer are influenced
by both summer and pre-summer conditions, we therefore extracted total precipitation
and mean air temperature over summer (July to September) and spring (April to June)
for each specific year from monthly climatic data of the Tianshan Station (Fig. 13).
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Between 1990 and 2011, the variation of total precipitation over the two seasons is
remarkable. For example precipitation over the ablation season in 1990 was peculiarly
higher (about 5 times) than in 2005 or 2006. For air temperature, its summer mean val-
ues show less fluctuation than during spring, which dominate the multi-year variations
of mean air temperature for the whole ablation season between 1990 and 2011.

By comparing the climatic fluctuations (Fig. 13) with the variations of supraglacial
lakes (Fig. 6), we found that the area of supraglacial lakes was positively correlated
with precipitation, while correlation was negative with respect to the mean air tem-
perature. Since liquid precipitation acts as the direct input of liquid water into the
supraglacial lakes, its total amount over summer is positively correlated to the area
of supraglacial lakes. Air temperature increase, however, has a dual function in the
development of supraglacial lakes: more melt water enlarges the supraglacial lakes
due to enhanced ablation and, on the other hand, it may accelerate the drainage of
lakes by promoting the development of glacial drainage systems from unconnected to
connected structures (Irvine-Fynn et al., 2011). In some years, such as in 1990, the
drainage of supraglacial lakes is likely to be limited by the relatively cool ablation sea-
son whereas a superimposed precipitation (if snow then it will melt soon during the
ablation season) contributes water input to the lake expansions. In 2005, in contrast,
little precipitation (especially over summer) together with a warmer ablation season
could explain the observations of the minimum total and mean area of supraglacial
lakes in that summer.

From Figure 14, the relationships between the lake area and climatic conditions can
be recognized. An obviously negative correlation between supraglacial lakes area and
mean air temperature for spring (April to June) but not for summer (July to September)
likely indicates that most connected drainage systems have been developed between
April and June. The development of glacial drainage systems leads to some drainage
of supraglacial lakes, resulting in the lakes total area shrinkage. The mean area of
supraglacial lakes also decreased with the increase of mean air temperature during
spring. This likely indicates that more drainage events happened to larger supraglacial
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lakes, which could have induced a general decrease of mean lake area. This could
also be confirmed by Fig. 7 that, in the summer of 2005, the remarkable shrinkage
(both the numbers and their total area) of larger supraglacial lakes contributed to the
major variations, whereas no remarkable changes happened to the smaller lakes.

6 Conclusions

We presented the distribution and multi-year variations of supraglacial lakes for several
selected glaciers around the KTTM region, the largest glacierized mountain range in
the Tianshan. A total of 775 supraglacial lakes and 38 marginal glacial lakes (mini-
mum size 3600 m2) were mapped on Landsat images in the period 1990 to 2011. This
relates to a mean of 86 lakes occurring each year on these glaciers. The distribution
of all mapped supraglacial lakes shows that supraglacial lakes in the KTTM region ini-
tially appear at about 3850 m a.s.l., about 800 m lower than the debris cover emergence
(4650 ma.s.l.), and reach their maximum area at about 3250 m a.s.l., the altitude where
bare ice disappears entirely. For the whole KTTM region, the total area of supraglacial
lakes varied between 0.628 + 0.063 km? in 2005 and 1.400 + 0.224 km? in 1990, with
a mean value of 0.918 + 0.149 km?. The total area of supraglacial lakes showed large
fluctuations between 1990 and 2005 whereas in recent years, between 2005 and 2011,
experienced an expanding trend. Mean area of supraglacial lakes showed a transient
maximum in 2010 after the expanding between 2005 and 2010 and then decreased to
the mean size scale of 0.009 + 0.002 km? in 2011. The area of supraglacial lakes was
positively correlated with the total precipitation in summer (July to September) while
correlated negatively to the mean air temperature over pre-summer (April to June). Air
temperature fluctuations during the pre-summer likely have more impact on the differ-
ent evolution proceedings of the development of glacial drainage from unconnected to
connected systems, which may lead to the drainage of some larger supraglacial lakes
and resulted in shrinkage of the total and mean lakes area over the summer seasons.
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The majority of the investigated supraglacial lakes were located on the surface of
the Tomur Glacier and the South Inylchek Glacier, two typical debris-covered dendritic-
type glaciers in the KTTM region. The total area of supraglacial lakes on the surface of
TG and SIG occupied 43.9 % (in 1990) to 72.6 % (in 2005) of all mapped lakes in the
KTTM regions, and accounted for 50 % to 74 % in numbers, respectively. Some regions
in the lower part of the TG and SIG are found more favorable for the supraglacial lakes
development. Future coalescing and growth of these supraglacial lakes will lead to the
development of larger lake on lower part of the glaciers. A continued monitoring is
necessary to assess the future evolution of supraglacial lakes in the KTTM region.
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Table 1. List of Landsat images used in this study.

Image ID Sensors  Spatial Acquisition Date
(File name) Resolution  (yyyy-mm-dd)
(m)

ETP147r31_5t19900910 ™ 28.5 1990-09-10
LE71470311999238SGS00 ETM+ 15 1999-08-26
LE71470312002230SGS00 ETM+ 15 2002-08-18
LE71470312005222PFS00 ETM+ 15 2005-08-10
LT51470312006249IKR0O0  TM 30 2006-09-06
LT51470312007236IKR0O0 TM 30 2007-08-24
LT51470312009273IKR01  TM 30 2009-09-30
LT51470312010228IKR01  TM 30 2010-08-16
LT51470312011231KHC01  TM 30 2011-08-19
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Table 2. Geomorphological characteristics of the eight selected glaciers, their debris-covered

region and the 1990’s and 2005'’s supraglacial lakes.

Glacier name Glacier Debris Supraglacial lake in 1990 Supraglacial lake in 2005
Area Length  Elevations Area  Percentage Elevations Count Total Area Count Total Area
(km?)  (km)  (mas.l) (km?) (%) (ma.s.l) (km?) (km?)
Tomor Glacier 419.3 36.3 2754-6979 73.7 176 2754-4732 31 0.396 +0.031 40 0.328 +£0.031
South Inylcheck Glacier 607.1 53.7 2895-7053 85.4 141 2895-4697 21 0.175+0.016 17 0.115+0.012
Kandy Glacier 118.7 255 3231-5654 16.0 135 3231-4130 7 0.069 +0.006 3 0.017 £ 0.002
Koxkar Glacier 86.9 25.6 3016-6037 21.4 24.6 3016-4244 6 0.128 +£0.008 1 0.008 +0.001
Qong Terang Glacier 171.6 21.3 3026-7009 41.7 24.3 3026-4783 8 0.067 +0.006 6 0.052 +0.005
Tugaibieligi Glacier 3154 303 2689-6794 447 142 2689-5110 22 0.333+0.025 8 0.074 +0.007
Hargol Glacier 2114 322 2774-6457 373 176 2774-4923 8 0.131+0.009 2 0.016 +0.002
Muzart Glacier 165.8 29.2 2763-6289 224 135 2763-4345 - - - -
Total 2101.8 - 2689-7053 3426 17.2 2689-5110 103 1.299+0.103 77 0.610+0.059
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Table 3. Total and mean area of the supraglacial lakes during the investigated period.

Image Pixel Lakes of Lakes of Lakes of the whole
Date Size the Tomur Glacier the South Inylchek Glacier KTTM Glacier

(m)  Total Area Mean Area Count Total Area Mean Area Count Total Area Mean Area Count
1990-9-10 28.5 0.396+0.063 0.013+0.002 31 0.176 +£0.033 0.008 +£0.002 21 1.400+0.224 0.013+0.002 112
1999-8-26 15 0.195+0.019 0.009+0.001 21 0.217+0.019 0.011+£0.001 19 0.657+£0.058 0.011+£0.001 59
2002-8-18 15 0.244+0.023 0.010+£0.001 25 0.296+0.025 0.012+0.001 25 1.066 +0.094 0.011+0.001 96
2005-8-10 15 0.328+0.033 0.008+0.001 40 0.115+£0.012 0.007+0.001 17 0.628 +£0.063 0.008+0.001 78
2006-9-06 30 0.311+£0.061 0.009+0.002 36 0.257+0.044 0.012+0.002 22 0.770+0.142 0.010+0.002 77
2007-8-24 30 0.289+0.055 0.009+0.002 31 0.248+0.047 0.010+0.002 26 0.918+0.169 0.010+0.002 91
2009-9-30 30 0.406+£0.077 0.009+0.002 44 0.162+£0.029 0.011+£0.002 15 0.883+0.158 0.011+£0.002 82
2010-8-16 30 0.355+0.052 0.018+0.003 20 0.239+0.044 0.010+£0.002 24 0.888+0.144 0.014+0.002 65
2011-8-19 30 0.405+0.079 0.009+0.002 46 0.322+0.061 0.010+0.002 35 1.054£0.201 0.009+0.002 115
Mean - 0.322+0.051 0.010+£0.002 33 0.234+0.038 0.010+£0.002 23 0.918+0.149 0.011+£0.002 86

4570

| Jadeq uoissnosiq | Jaded uoissnoasiqg

Jaded uoissnosiq

Jaded uoissnosiq

il

TCD
7, 4545-4584, 2013

Distribution and
recent variations of
supraglacial lakes

Q. Liu et al.

L

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

(cc) W)


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/4545/2013/tcd-7-4545-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/4545/2013/tcd-7-4545-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

TCD
7, 4545-4584, 2013

Jaded uoissnosiq

Distribution and
recent variations of

&3& R supraglacial lakes
=i i 9
R[S 73 .
- e o 2] Q. Liu et al.
- Kazakhstan @
. / 7]
\\)i ey o
Tianshan weather >S5
g B S Title Page
ST ©
= ()

;
=-=
3 9

(2}

@

H T - R
T S
: K
, , , g
Fig. 1. Location map of the Khan Tengri-Tomur Mountains (left) and a Landsat TM image ac-
quired on 24 August 2007 showing the distribution of main glaciers mentioned in the text (right).
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Precipitation (mm)

Fig. 2. Monthly mean air temperature (T) and precipitation (P) based on observations at the
Tianshan weather station (3639 m, 1930-2011) and KUQA weather station (1100m, 1951—

2011).
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Fig. 3. Outlines of the selected glaciers (grey line), debris-covered area (grey fill) and the central
flow lines (dashed red line); a shape file (purple) was used for masking the lower region of each
glacier for glacial lakes mapping. The results of the 12 September 1990 and 11 August 2005
lake mapping are presented as points of lakes center; lower right inset is a plot of glacier surface
profiles along the central flow lines.
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Fig. 4. Example of the supraglacial lakes mapping in the lower region of the Tomur Glacier
showing the workflow of the lake extraction procedure. Background is the band combination of

432 for a Landsat TM image acquired on 24 August 2007.
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Fig. 5. Altitudinal distributions of clean ice area, debris-covered area and total supraglacial
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Fig. 10. (a), (b) and (c) slope distributions of 775 supraglacial lakes and 38 marginal lakes
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August during the 2010 expedition.
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Fig. 12. A supraglacial lake, at 3235 ma.s.l., located in the middle part of the debris-covered
area of the Koxkar Glacier, was visited before (a, 15 August 2010) and after (b, 19 August
2010) its drainage. Photographs: Liu Qiao and Zhang Yingsong. Note that this lake had been
monitored in detail for a couple of years until the drainage (Wang et al., 2011).
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